Molten calcium-magnesium-alumino-silicate (CMAS) corrosion is the most dangerous failure mode for thermal barrier coatings (TBCs). The real-time monitoring and mode discrimination of the corrosion failure process are desirable to understand the corrosion failure mechanism of TBCs. In this paper, the failure mechanism of the TBCs subjected to molten CMAS attack is investigated with acoustic emission (AE). Based on the number and amplitude, and compared to the substrate and the TBCs without CMAS, more serious damage is found to occur in the TBCs attacked by the molten CMAS. Possible failure modes are discriminated by wavelet analysis, and the results indicate that there are four distinct frequency bands corresponding to surface vertical cracks, sliding interface cracks, opening interface cracks, and substrate deformation in the TBCs suffered high temperature molten CMAS corrosion. In fact, the frequency band of sliding interface crack is associated with two crack types, including the crack at the YSZ/BC interface and the parallel crack in the ceramic coating induced by the compressive stress. These two cracks dominate the whole failure process, and ultimately result in the spallation of coatings.
Introduction
Thermal barrier coatings (TBCs) have been regarded as an effective approach to protect the hot-section components in the aeroengine from high temperature gas, thus leading to an enhancement in the engine efficiency [1, 2] . Moreover, further increases in the thrust weight ratio and durability of the aeroengine also rely on the improvement in the TBCs [2, 3] . The TBCs are typically comprised of four layers, i.e., a YSZ ceramic coating (7 wt.% Y 2 O 3 partially stabilized ZrO 2 ), an oxidation resistant metallic bond coating (NiCoCrAlY), a thermally grown oxide (TGO) layer (predominately α-Al 2 O 3 ) formed at the YSZ/bond coating interface, and a metallic substrate [2, 4] . This complexity and diversity in the TBCs structures along with the harsh operating conditions make it difficult to predict their spallation failure, which severely shortens the service life and restricts the wide applications [4] . Hence, the failure of TBCs is a key problem and needs to be resolved urgently.
Generally, interface oxidation, erosion caused by the exotic particles, and corrosion induced by the molten CaO-MgO-Al 2 O 3 -SiO 2 (CMAS) are regarded as three key factors leading to the failure of TBCs [4] [5] [6] [7] . The third two issues have been investigated systematically [5, 6, 8] , whereas the third one still needs to be further understood [7] . It is considered that the molten CMAS results from the ingestion of siliceous minerals (dust, sand, and volcanic ash) within the intake air during flight [7, 9, 10] . At the temperature higher than 1240°C, CMAS yields glassy melts and penetrates in the TBCs with porous microstructures (inter-columnar gaps, pores, and cracks), thus changing the near-surface mechanical properties and enhancing the spalling tendency [9, 11, 12] .
Until recently, the great effort has been made to clarify the failure mechanism of the TBCs attacked by the molten CMAS. For example, Levi et al. [7] demonstrated that the YSZ coating partially dissolved in the CMAS, leading to the phase transformation from tetragonal phase to monoclinic phase at the interface between CMAS and YSZ. Drexler et al. [13] found that anorthite (CaAl 2 Si 2 O 8 ) formed in the TBCs during the cooling process after CMAS corrosion, resulting in the loss of strain tolerance and failure of the coating. Mercer et al. [14] constructed a model describing the spalling depth of TBCs, and predicted that this depth is half of the critical depth for CMAS infiltration during the cold shock. However, the above researches are only based on the analysis of phase transformation, chemical composition, and infiltration thickness of the TBCs suffered from CMAS attack. They cannot provide the direct failure information, such as the failure time, mode, and microstructure evolution of the coating. Hence, a real-time nondestructive evaluation is necessary for understanding the failure mechanism of the TBCs.
A number of approaches have been developed for the nondestructive testing and lifetime prediction of the TBCs, including acoustic emission, X-ray diffraction, thermal imaging technology, and impedance spectroscopy [15] [16] [17] [18] . Among these, AE technique is usually adopted to identify the evolution of internal and external damage prior to failure in structural and functional materials under loading [19] . Many studies have demonstrated that AE characteristic signals correlate with the mechanisms and modes of coating failure. Ma et al. [20, 21] used an inversion processing of AE signals to identify the damage sources and classify the cracking modes of plasma sprayed TBCs during four-point bend tests. Trunova et al. [22] reported the degradation evolution and failure mechanisms of TBCs during thermal cycling by analyzing microstructures and AE signals. Yang et al. [23] investigated the thermal fracture behavior of TBCs under cyclic heating and cooling, and analyzed the correlation between damage evolution in the TBCs and AE characteristic signals. All these results provide theoretical and technical support for studying the failure mechanisms of the TBCs subjected to CMAS corrosion using AE technique. In this paper, the failure behavior of TBCs attacked by the molten CMAS is investigated via AE technique. The aim of this paper is to analyze the failure mode of the TBCs and investigate the evolution of micro-cracks in the coating.
Experimental procedure

Preparation of TBC specimens and CMAS glass
During the preparation of TBCs specimen, the Ni-based superalloy (DZ125) was used as the substrate, on which a Ni-22 wt.% Cr-7 wt.% Al-0.2 wt.% Y bond coat (100 μm) and a ZrO 2 -8 wt.% Y 2 O 3 top ceramic coating (200 μm) were deposited by vacuum and air plasma spraying (APS), respectively. The TBCs specimen with the dimension of 15 mm × 10 mm × 3 mm were ultrasonically cleaned at the beginning of high temperature tests. The chemical composition of the CMAS was 48.5 wt.% SiO 2 -11.8 wt.% Al 2 O 3 -33.2 wt.% CaO-6.5 wt.% MgO, which is similar to those used in other studies [24] . The CMAS glass was prepared by milling the mixture of reagent grade fine powders of individual oxides (CaO, MgO, Al 2 O 3 and SiO 2 ), then mixed with the absolute ethyl alcohol and subsequently pasted to the surface of the TBCs with an area density of 13 mg/cm 2 .
Experiment of high temperature CMAS corrosion
Since the actual operating environment of a gas-turbine engine had appropriate temperature-gradient (i.e., substrate is colder than the TBCs) [25] , the experiments of high temperature CMAS corrosion was done in a gradient furnace and monitored with AE, as shown in Fig. 1 . For the TBCs samples, the surfaces of ceramic coatings were heated in the gradient furnace and the metal substrates were cooled by the compressed air. The samples were heated up to 1250°C for 30 min and held at this temperature for 2 h, then cooled down to 100°C within the furnace. The temperature data was detected by thermocouples and recorded by a computer were shown in Fig. 1 . The cross sections of TBCs specimens after CMAS corrosion were observed with scanning electron microscopy (SEM) using back-scattered electron (BSE) imaging. For this observation, each TBCs sample was embedded in epoxy resin and its cross sections was ground with different grades of SiC abrasive papers and then polished using diamond paste.
Acoustic emission monitoring
The experimental process was monitored in real time with an AE measurement system (PCI-2). During this monitoring, the pre-amplifier was set as 40 dB and the threshold amplitude was specified at 40 dB. The sampling frequency was 2 MHz. To avoid mechanical and electromagnetic noise, the low-and high-filter frequencies were set as 0.1 MHz and 1 MHz, respectively. As the conventional piezoelectric transducer can only be used at ambient temperature, a waveguide with the good transmission of acoustic signals (low attenuation of the signal energy) was designed using Nichrome wire to resist the chemical corrosion (oxidative or reductive atmospheres) [26] . This waveguide connects the specimen and transducer perfectly, consequently avoiding the transducer locating at high temperatures. One end of this Nichrome wire was welded onto the substrate surface, and the other was attached firmly to an AE sensor via an elastic cord and butter couplant (a kind of coupling medium). The waveguide can therefore keep the AE sensor operating at ambient temperature and monitor the high temperature tests.
Results and discussion
Acoustic emission characteristics of TBCs under CMAS corrosion
The AE event counts recorded from the TBCs samples with and without CMAS, along with the substrate exposed at high temperature are shown in Fig. 2 . The red and violet lines denote the temperature at the surface and back of the sample, respectively. The AE events apparently increase with increasing temperature until the temperature at the surface rise to 1250°C (I). After that, the AE events enter into a constant value for the samples without CMAS (II), whereas the CMAS interaction leads to a slow increase in the number of AE events (II). In the cooling stage (III), the AE events increase quickly. The variation trends of the three parallel experiments exhibit similarity with prolonging time. The AE events of TBCs specimens without CMAS are basically consistent with those of the substrate during heating and holding period, indicating that the AE signals are mainly related to the substrate at this time. However, these AE signals increase quickly during cooling period owing to the failure of ceramic coating. In addition, the AE events of the TBCs specimen with CMAS are significantly more than other samples throughout the whole experiment, indicating that the molten CMAS attacks the TBCs during the holding period and the thermal mismatch between CMAS and ceramic coating occurs during the cooling period. From the above analysis, it is evident that CMAS corrosion will cause more damage in the ceramic coating. Each experimental testing is repeated three times. The result indicates that the trends of AE signals are similar. Fig. 3 shows the amplitude distributions of three samples. It can be seen that the AE amplitudes during the heating (I) and holding (II) periods mainly distribute in a range of 40-70 dB. The amplitudes of TBCs specimens mainly appear at 40-100 dB during cooling, whereas the amplitudes of the substrate locate at 40-70 dB (Fig. 3(c) ). In addition, there are many signals exceeding 80 dB in the TBCs sample with CMAS during cooling stage (Fig. 3(a) ). It has been proved that the signals of high amplitude and energy are related to the spallation of the coatings [27] , suggesting that CMAS corrosion could cause a more serious damage in the TBCs. However, other analysis methods are still necessary because the comparison of AE amplitudes throughout the experiment is an unreliable method of discriminating the mode of coating damage.
Discrimination of the damage modes for the TBCs under high temperature CMAS corrosion
The frequency spectrum analysis is a common method used for AE signal processing. This method transforms the AE signals from time domain to frequency domain, and extracts the message reflecting the AE source [28] . The frequency spectrum of AE signals are strongly dependent on the failure modes of materials, but are almost independent of the failure size and operating pressure [23, 28] . Previous studies indicated that the surface vertical cracks, sliding interface cracks, and opening interface cracks correspond to the characteristic frequency bands of 0.20-0.25 MHz, 0.25-0.32 MHz, and 0.4-0.45 MHz, respectively [16, 23, 28, 29] . After the statistical analysis on the characteristic peak frequency of AE signals, we also found three similar frequency bands for surface vertical cracks, sliding interface cracks, and opening interface cracks (Fig. 4) . The typical waveform and frequency spectrum of these three cracks are shown in Fig. 5(a) , (b), and (c), with the peak points locating at 0.21 MHz, 0.29 MHz, and 0.41 MHz, respectively. From Fig. 5(c) we know that the frequency range of substrate is 0.09-0.13 MHz. The typical waveform and frequency spectrum is shown in Fig. 5(d) , with a peak frequency of 0.09 MHz. This result is different from that of previous research, attributed to the different substrate material for tests [16, 29] . In addition, there are still a few signals between 0.13 and 0.16 MHz, with the peak frequency locating at 0.15 MHz. This is a typical continuous signal caused by the metal substrate, as shown in Fig. 5(e) , even though the waveform and frequency spectrum are obviously different from the signals in Fig. 5(d) . Considering that the kind of signals has nothing to do with the damage modes in the ceramic coating, further concrete analysis is unnecessary here.
The SEM is used to examine the cross section of the TBCs sample subjected to CMAS attack. The substrate and TBCs specimen without CMAS corrosion were used for comparison, as shown in Fig. 6 . It can be observed from Fig. 6 (b) that surface vertical cracks appear at the surface and extend partially through the ceramic coating. Similarly, interface cracks appear at the YSZ/BC interface ( Fig. 6(c) ). According to the SEM images in Fig. 6 (a) and (b), many parallel cracks can be seen in the ceramic coating of the TBCs specimen with CMAS, however, the corresponding frequency band was not found from the previous analysis. In contrast, parallel cracks can hardly be observed in the TBCs sample without CMAS (Fig. 6(d) ). On the other hand, the number of AE signals for the sliding interface cracks in the TBCs sample with CMAS are obviously higher than those of the specimen without CMAS, as shown in Fig.  4(a) and (b) . This phenomenon might be due to the fact that most of the interface cracks mainly locate at the ceramic layer near the YSZ/BC interface. These results imply that the frequency band of sliding interface cracks should include the cracks between the YSZ/BC interface and the parallel cracks in the TBCs.
Nevertheless, the modulation of dominant frequency and the lack of information on the time dominant make it difficult and unreliable for the discrimination of AE signals when only the frequency spectrum analysis is used [29] . Besides, it is time-consuming and inconvenient to deal with each signal in this way. As a consequence, the wavelet analysis is applied to further analyze and identify the damage modes, because this analysis has good resolution in time and frequency domain for non-stationary random signals [23, 29] . In wavelet analysis, a signal is divided into detail and approximate signal, the former is high-frequency components of the signal and the latter is the low-frequency part. If only the approximate signal is then divided into a next level of approximate and detail signals, it will be called as the discrete wavelet transform [30] . However, wavelet packet transform is more delicate than discrete wavelet transform for signal analysis, because the former handles with the low and high frequency components of signals at the same time [31] .
In this paper, all AE signals are analyzed by wavelet packet transform. A given AE signal, S(t), can be expressed as the summation of all wavelet packet components using the following equation:
where i = 1, 2, 3, …, and 2 j is the decomposition level in a wavelet packet, j is the scale parameter. The energy in each component is defined as: where t 0 is the origin time, and the total energy is expressed as:
The energy coefficient for the component is calculated via the following relation:
This energy coefficient for wavelet packet has been widely used to distinguish the different damage modes. A more detailed discussion on the wavelet packet transform is given in Refs. [29, 31, 32] . Based on the wavelet packet transform, the energy coefficient of the wavelet packet is achieved by Matlab programs with the "db8" wavelet (a member of the Daubechies wavelet family). A tree structure of the wavelet packet transform for the four-level decomposition tree is presented in Fig. 7 , and each AE signal is divided into 16 components, from s 4 1 (t) to s 4 16 (t). Since the sampling rate is 2 MHz, the interval between pairs of adjacent components was 62.5 kHz. In addition, four typical distribution histograms of energy coefficients for different damage modes are shown in Fig. 8 (t) (0.375-0.4375 MHz), obviously corresponding to the substrate deformation, surface vertical cracks, sliding interface cracks, and opening interface cracks, respectively [16, 23, 29] . These results demonstrate that the energy coefficient of wavelet packet is reliable to discriminate the damage modes of the TBCs attacked by the molten CMAS. 
Fracture behavior of the TBCs under high temperature CMAS corrosion
To analyze the fracture behavior of the TBCs under high temperature CMAS corrosion, all AE signals are imported into the Matlab software to discriminate the damage modes (Fig. 9) , and obtain the damage mode differentiation results of AE signals (Fig. 10) . Failures are found to mainly occur during the heating (I) and cooling (III) stages, and seldom generate during the holding period (II), as shown in Fig. 10 . The substrate deformation appears at the heating period (I) and the beginning of the rapid cooling stage as shown in Fig. 10(a) . Sliding interface cracks appear at the beginning of cooling period and remain active, then gradually increase. When temperature reaches 400°C, there is a dramatic climb in AE signals associated with sliding interface cracks. Meanwhile, the surface vertical cracks and opening interface cracks form. In fact, substrate deformations occur due to the thermal expansion deformation of the metal substrate. Sliding interface cracks and opening interface cracks are activated by shear stress σ 21 and tensile stress σ 2 at the YSZ/BC interface, respectively, due to the thermal expansion mismatch [29] . Surface vertical cracks mainly occur in the ceramic coating under the tensile stress σ 1 attributed to thermal expansion mismatch between the coating and other layers [23, 33] . In addition, the thermal expansion coefficient of CMAS is lower than that of TBCs. The additional compressive stress generates in the TBCs specimen with CMAS upon cooling. This stress accumulates large enough to form parallel cracks between the CMAS penetrated and un-penetrated layers. Obviously, sliding interface cracks occur more frequently than the opening interface cracks throughout the entire test (Fig. 10(a) and (b) ). This result is in agreement with the statements made by Fan et al. [34] that the crack phase angle exceeded 45°in the YSZ/BC interface, indicating that the sliding interfaces are dominant. The above results demonstrate that the primary reason for failure of the TBCs attacked by CMAS is the sliding interface crack.
Thermomechanical analysis of TBCs attacked by CMAS corrosion and delamination maps
Evans and Hutchinson [35] developed a model to predict the delamination of the TBCs attacked by the molten CMAS with thermal gradient. Krause et al. [36] modified the above model and considered the strain during the phase transformation induced by the molten CMAS. In this paper, we use the model derived by Krause et al. to analyze the delamination in TBCs and explain the characteristics of AE signals under the condition of CMAS corrosion with temperature gradient during the cooling stage.
The strain from the phase transformation can be expressed using the following relation:
where ΔV/V represents the transformation volume expansion, and its value is 0.03 [36] . p is the volume fraction of ZrO 2 grains that have undergone the t → m phase transformation. At the position y, the stress σ(y) during the cooling process is calculated using Eq. (6) [36] .
where the initial temperature at the surface and back of the sample are T sur i and T sub i , respectively. At any subsequent stage of the cooling stage, the temperature drop at the surface is denoted by ΔΤ sur = T sur i − T sur and the temperature drop at the substrate is denoted using ΔΤ sub = T sub i − T sub . The instantaneous difference of the temperature drop at the surface and substrate is ΔΤ sur/sub = ΔT sur − ΔT sub . Additionally, α TBC and α sub are the thermal expansion coefficients of the ceramic coating and substrate, respectively. The difference of thermal expansion mismatch between substrate and coating is defined by Δα = α sub − α TBC .The coating shown in Fig. 11 has a thickness of H and the CMAS penetrated layer has a thickness of h. The delamination at the depth of d is parallel to the surface of coating. The Young's modulus of the CMAS penetrated layer(the dense layer) and the ceramic coating are given by E 1 and E 2 , respectively. The Poisson's ratios (v) of the penetrated layer and the coating are regarded as the same. The force (P) and the moment (M) per unit length are calculated by using the stress σ(y), which can be written as [35, 36] 
where D is the location of neutral bending axis. A solution for a twolayer system given by Evans and Hutchinson [35] is applied to calculate the Mode I (K I ) and Mode II (K II ) stress intensity factors:
The energy release rate is given as:
where A is the nondimensional effective cross section, I is the moment of inertia, ω equals to 52.1° [35] , and E is given by:
Because the delamination near or at the interface is mixed-mode, the phase angle (ψ) and the fracture energy (Γ C i ) are calculated by:
where λ is the mode mix coefficient, Γ IC i is the mode I fracture energy, G= Γ C i is assumed to calculate the delamination boundaries for the system. The material properties and other parameters are listed in Table 1 . Fig. 12 shows the regions of TBC delamination and no-delamination for a function of p, while H = 200 μm, d = 200 μm. In addition, h = 40 μm, which is the CMAS penetration depth [36, 37] . The red dashed curve indicates an experimental cooling trajectory from T sur i = 1250°C
and T sub i =1050°C to T sur =79°C and T sur =61°C. When p is a constant, the no-delamination region locates between the lines with the same Fig. 11 . A schematic of two-layer coating system identifying the parameters used in the analysis. Fig. 12 . Delamination maps for the system during the cooling stage described by parameters in Table 1 and p is varied from 0 to 0.20. The red dashed curve indicates a cooling trajectory from the test. The black star denotes the dramatic climb in AE signals during the test.
Table 1
The material properties and other parameters used in the thermomechanical analysis of CMAS-penetrated TBCs with temperature gradient [35] [36] [37] . color, while other regions are the delamination regions. At the beginning of cooling, the red dashed curve locates in the region without delamination. At the subsequent stage of the cooling, the curve starts to enter the delamination region. As the value of p increases, more parts of cooling curve enter into the delamination region. The effect of p on the delamination indicates the importance of the phase transformation. When the surface temperature approximately drops to 400°C, the curve crosses into the delamination region. The temperature of 400°C has the farthest distance to the delamination boundary, indicating that the failure of TBCs is likely to occur at this moment. These black stars are in the delamination region, denoting the dramatic climb in AE signals during the test. Fig.13 shows the results for a constant p (=0.03), but with different thicknesses (d = 70-200 μm). The cracks firstly occur between the interface of CMAS penetrated coating and the coating without CMAS penetration or between the interface of ceramic coating and substrate during the cooling. These results indicate that the failure of TBCs mainly occur at about 400°C, the deep delamination is close to the CMAS penetrated layer or between the interface of ceramic coating and substrate.
Conclusion
In this paper, we investigate the damage behavior of the TBCs attacked by the molten CMAS using real-time AE method, and discriminate the damage modes using the wavelet analysis. The main conclusion can be drawn as follows:
(1) Based on the number and amplitude of AE signals, it is found that more serious damage occurs in the TBCs attacked by the molten CMAS, as compared to the experimental results of the substrate and TBCs specimens without CMAS. (2) There are four distinct frequency bands in the TBCs under molten CMAS corrosion, as discriminated by the wavelet analysis. These bands correspond to the damage modes of surface vertical cracks, sliding interface cracks, opening interface cracks, and substrate deformation, respectively. In fact, the frequency band of the sliding interface crack consist of two crack types, including the crack at the YSZ/BC interface and the parallel crack in the ceramic coating caused by the compress stress in these regions. These two cracks dominate the whole failure process, and ultimately result in the spallation of coating. (3) The failure of the TBCs attacked by CMAS mainly occurs upon the cooling period. During the failure process, interface and parallel cracks first generate in the coating. When the temperature approximately drops to 400°C, surface vertical cracks appear in the TBCs. Fig. 13 . Delamination maps for the system during the cooling stage described by parameters in Table 1 
